Abstract. Ethylene is produced by cultured radish roots in amounts large enough to be physiologically important. When roots were grown in oontrolled atmospheres, applied ethylene was generally inhibitory to elongation, lateral root initiation, and cambial activity. 1 % CO2 similarly affected roots not given ethylene. In contrast, elongation and lateral root production of ethylene-treated roots were stimulated by 1 % COO. The results suggest that the oftenobserved stimulation of root growth by CO2 is due to an interaction with endogenous ethylene.
In recent years much attention has been given to the role of ethylene in plant growth and development. Most such studies have centered upon stems or other aerial organs and very little has been done to elucidate the influence of ethylene on roots, except to show that ethylene is usually inhibitory to growth (1, 5) . Ethylene is produced by roots (2) and by many lower organisms which grow in soils. Thus it seems likely to us that roots may be continuously affected by ethylene, especially in soils where gaseous diffusion is impaired. This aspect of the root environment has not been studied.
Of particular interest is the action of carbon dioxide as an antagonist (5, 13, 17) and as a competitive inhibitor (4) of ethylene action. In the atmosphere of the soil the CO2 concentration is higher than in air (23) , and often'is as high as 1 %.
Many re'ports have indicated that the presence of CO2 at such levels is stimulatory to root growth (6, 8, 14, 18, 19) but the mechanism of this response is not known. Such an alteration of root growth patterns by CO2 might result from an interaction with ethylene; and one can thus propose that, in such a sys,tem, CO2 acts to prevent inhibition of growth by ethylene.
The work reported here was initiated to clarify the effects of ethylene and COO on 3 main aspects of root growth: elongation, initiation of lateral roots, and vascular cambial activity. The system chosen for this study was essentially that of Loomis and Torrey ('15) . Their method of root culture permits experimental manipulation of the normal patterns of growth and development (20, 21) and was easily adapted to study interactions between growth substances and atmospheric constituents bearing not only an elongation, but also on lateral root initiation and cambial activity.
Materials and Methods
Chemicals. Indole-3-acetic acid (IAA), 'benzyladenine (BA), and mnyo-inositol wvere purchased from Calbiochem and used without further purification.
Root Culture Techniques and Treatment with Auxin and Cytokinin. The procedures used were similar to those of Loomis and Torrey (1, 5) . Seeds of radish (Raphanus sativus L. 'White Icicle') were sterilized in 0.1 % HgClo for 5 min, rinsed several times with deionized water, and germinated in the dark on moist filter paper in petri dishes. After 3 to 4 days, root tips 10 mm in length were excised and cultured at 250 on a Bonner-Devirian agar nutrient medium with 2 % sucrose (w/v) (15) . All procedures were carried out aseptically. After 3 to 4 days of growth, the apical 15 mm of each root was excised and transferred to a divided, disposable petri dish containing fresh nutrient media. The roots were laid transversely across the divider with their apices in the standard medium as before, but with the basal ends in an enriched medium containing a greater sucrose concentration (8 % Measurements. At the termination of each experiment, the length and maximum diameter of each root (disregarding callus-like outgrowths if present) and the number of lateral roots were recorded. In addition, representative roots were sectioned for anatomical study. These were fixed in formalinacetic acid-ethanol by the method of Jensen (12), dehydrated through a standard ethanol-t-butanol series, embedded in Tissuemat, sectioned, and stained with toluidine blue.
Ethylene Production. The culture technique was modified for measurements of endogenous ethylene production. After the initial culture period, the roots were transferred to the usual fresh media contained in divided dishes but without covers. These dishes, each containing 10 roots, were placed on a flat plywood support, then closed with a covering sheet of plexiglas fitted with a neoprene rubber gasket to provide a gas-tight seal. This system was no longer sterile; but care was taken to avoid contamination, and measurements were completed within 24 hr. There was a porthole in the cover above each dish. This was sealed wi,th a vaccine cap through which 1-ml samples could be withdrawn for analysis by gas chromatography. The gas chromatograph was equipped with an activated alumina column at 50°and a flame ionization detector, and could easily detect ethylene concentrations as low as 0.001 ppm i(9). Ethylene evolution from -the agar medium was small but measurable; therefore, the value of a blank run was subtracted from all treatments. After each run the roots were blotted to remove agar, and weighed.
Results and Discussion
Roots grown by the method of Loomis and Torrey (15) produced easily measurable amounts of ethylene. The rate of production changed with time, showing a large transient peak soon after excision and transfer (Fig. 1) . This peak was replaced within 2 days by a slowly declining, more or less steady output. A similar peak was obtained upon subsequent re-transfer of the roots to the same medium, suggesting that -it resulted from the cutting and handling of the roots. In all experiments, ethylene production was recorded 2 days after transfer, and the values thus obtained were fairly representative of the long-term production rates of the roots. Roots cultured in a control medium showed a low rate of ethylene production (table I) . Indoleacetic acid at 10-5 M and benzyladenine at 5 X 10-6 M both increased this rate; at these concentrations the cytokinin caused a greater increase than did the auxin. Together the 2 regulators caused an increase greater than observed with either one alone. The rates reported here (0.7-3.7 nl g' hr'1) are comparable to the rates from other tissues where ethylene has been found to be physiologically important (10 11) , and approach a rate suggestive of an internal ethylene level sufficient for maximal response (3). Fuchs and Lieberman (7) recently demonstrated high rates of ethylene production in radicles of intact, etiolated seedlings of many species, including radish. Thus it seems clear that one can expect physiologically important levels of the gas in roots.
To assess the effects of ethylene and carbon dioxide on root growth and development, we grew roots under controlled atmospheres containing these 2 gases. The roots were also given IAA and BA in the culture media, as these 2 growth regulators cause developmental and morphological changes in cultured roots which simulate those occurring in the intact plant (20, 21) . Roots treated with IAA (10O5 M) grew 50 % less than the untreated controls after 12 days, but they had 3 times the number of lateral roots (table II) . Benzyladenine (5 X 10-6 M) caused an even greater reduction in elongation, but unlike IAA, it strongly inhibited lateral root initiation. Webster and Loomis (22) have shown that cytokinin treatment induces uniform cell divisions in the pericycle to form a multilayered secondary cortical tissue. Such pericycle activity was reflected in our study by a significant increase in root thickness (table II) . Thus, these 2 growth substances control the patterns of activity of the pericycle relative to the production of lateral roots and to the formation of a uniform meristematic zone.
The interaction was further borne out by the intermediate number of laterals produced when the 2 substances were applied together. The combined treatment also induced a large increase in root diameter and accelerated shedding of primary tissues as a result of sustained cambial activity.
The auxin-cytokinin interaction which promotes activity in the vascular cambium is modified by exogenous ethylene (Fig. 2) activity. Thus roots treated with 1.1 ppm ethylene showed a 65 % reduction 'in stelar diameter, from 0.82 mm to 0.29 mm. In such roots, the primary cortex tend-ed to remain attached to the stele, and swelling of the cortical parenchyma accounted for a major part of the measured thickness (Fig. 3 ).
The inclusion of 1 % carbon dioxide had little effect on these results.
Ethylene and COO both influenced root elongation. After 12 days, the mean growth of roots in normal atmospheres and without added growth substances was 42 + 6 mm. With the lowest ethylene concentration tested, growth was reduced by 50 %; with the highest concentration it was almost completely eliminated (Fig. 4) . The mean growth of roots exposed to 1 % CO., was 19 + 4 mm; in contrast to roots not given CO,, this value was not changed with the addition of ethylene except at the highest concentration tested (1.1 ppm). Thus, CO2 when provided alone decreased the growth rate. However, wvith ethylene also present, CO2 stimulated growth relative to the corresponding ethylene-treated controls. This was true for all ethylene concentrations tested. Stolwijk and Thimann (18) and others (6, 8, 14, 19) (8, 19) . Just as in the case of root elongation, our results suggest that the antagonism of applied CO2 and endogenous ethlylene could be responsible for these observations.
Our work demonstrates that ethylene has an effect not only on the size and shape of roots, but also on their anatomy. It appears that the possible role of ethylene in the development of roots in soil should not be ignored. We are not aware of reports on levels of ethylene in soils, but since the roots themselves produce the gas they are probably continuously exposed to it. Goeschl et al. (11) have shown that ethylene production of peas is increas-ed by mechanical resistance to growth. It is therefore possible that roots in the soil produce even more ethylene than in the laboratory. In addition, many common soil-borne fungi such as Fusarium and Peniicillium could, under the proper conditions, produce enough ethylene to affect the growth of roots. The possible allelopathic role of ethylene in the ecology of the soil, and the function of its antagonist, CO, deserve further study.
